ABSTRACT. This paper estimates econometric models of the socioeconomic drivers of urban land use change in the Pearl River Delta, China. The panel data used to estimate the models are generated by combining high-resolution remote sensing data with economic and demographic data from annual compendium. The relations between variables are estimated using a random coefficient model. Results indicate that urban expansion is associated with foreign direct investment and relative rates of productivity generated by land associated with agricultural and urban uses. This suggests that large-scale investments in industrial development, rather than local land users, play the major role in urban land conversion.
I. INTRODUCTION
Urbanization is one of the most widespread environmental changes of the twentyfirst century. The wholesale transformation of agricultural and natural ecosystems to more intensive uses is among the biggest anthropogenic impacts on earth (Vitousek et al. 1997) . Although urban areas cover less than 2% of the earth's total land surface (Griibler 1994 ), more than half of the world's population reside in urban regions. Urban growth generally leads to an increase in motorized transport, air, water and noise pollution, energy consumption, a loss of agricultural land, and a reduction in biological diversity. Given these impacts, understanding the mechanisms that drive urbanization is critical to an understanding of global environmental change.
Nowhere is urbanization more important than in China, where an unprecedented scale and rate of urban expansion has occurred over the last two decades. With 30% of its 1.3 billion inhabitants residing in urban areas and a UN projection that more than 50% of the population will be urban by 2030 (United Nations 2001), the urban Chinese landscape is likely to expand at a very rapid rate. Traditional agrarian communities and vast tracts of agricultural land are being metamorphosed by a changed economy and enveloped by sprawling urban formations. The extent and pace of urban transformation have led to concerns about the country's food security (Brown 1995) , the effects of increased energy consumption (Sadownik and Jaccard 2001) , and the sustainability of continued economic expansion. Prior to the economic and political reforms in the late 1970s, urban planning and urban growth were managed largely from Beijing. However, with the opening of the economy and the introduction of market-oriented policies, urban development has been increasingly unstructured and unregulated: more a melange of individual opportunities than coordinated activities. Urban growth and market reforms have led to massive rural to urban migrations (Smith 2000) , and generated a bi-level labor market, with disparate wages between urban and rural workers (Wang, Maruyama, and Kikuchi
2000; Meng and Zhang 2001).
To formulate policy that promotes economic growth and urban development while minimizing environmental impacts, decisionmakers must understand the factors that drive urban expansion. Without a clear sense of the conditions that cause urban encroachment on farmland, policies are likely to be ineffectual. In this paper, we combine time series land use data extracted from high-resolution satellite imagery, socio-economic data, and field observations to estimate econometric equations for the socioeconomic forces that drive urban growth between 1988 and 1996 in the Pearl River Delta, one of the fastest growing regions in China. This is the first paper to integrate socioeconomic data with land use data derived from a sequential time series of satellite imagery (nine consecutive years). Here, we focus on the macro-level socioeconomic environment and its effect on the rate at which agricultural land and natural ecosystems are converted to urban uses. Our goal is to develop a better understanding of the comparative significance of local and exogenous macro-socioeconomic factors that affect urbanization. The paper is organized as follows: Section 2 describes the study area and changes in policies that have led to economic and urban expansion. The remote sensing and socioeconomic data are described in Section 3, and the estimation techniques are described in Section 4. Results and discussion are provided in Section 5, and concluding comments are presented in Section 6.
Previous work with satellite imagery focuses on deforestation and decisions driven by micro-economic influences and individual households in two to four time periods (Chomitz and
Gray
II. STUDY AREA: PEARL RIVER DELTA
The study area is the Pearl River (Zhujiang) Delta, located in the southern Chinese province of Guangdong, between 21 0N and 23?N, and crossed by the Tropic of Cancer (Figure 1) . The geographical area of the Delta included in this study is defined by one Landsat TM scene, and covers 26,000 km2. The Delta is distinguished by temperate winters during a dry season between October through April, and long summers during a rainy season between May through September. The combination of fertile soil and a tropical/subtropical monsoon climate supports two to three crops per year, which makes the region well suited for agriculture. More than half of the region's agricultural area is planted with paddy rice. Other major crops include sweet potatoes, sugar cane, peanut, soybean, banana, oranges and lychee. The Delta also is one of the major mulberry and silkworms producing areas in China. These agricultural systems combine pond fish with mulberry trees to form a symbiotic relation where the trees feed the silkworm, the waste of which feeds fish, and the mud from the ponds are used as fertilizer for the mulberry trees. Since the mid-1980s, pond fish have become a major agricultural output, which reflect changes in government policies and consumer demand for luxury food items.
More than 21 million people reside in the Delta, which represents one-third of the total population of the province. They speak guangdong hua, or Cantonese, the dialect shared by 7 million residents in Hong Kong. Shared linguistic and cultural ties to overseas Chinese investors provide access to investment capital, technological advances, business acumen, and management experience. Between 1997 and 1999, more than 74% of total foreign direct investment in the province of Guangdong came from Hong Kong (Statistical Bureau of Guangdong various years). The influx of foreign capital has transformed the historically agrarian economy by developing and expanding textile, electronics, and food processing industries over the last two decades.
Urbanization is strongly linked to economic growth, which accelerated in 1979 due to decentralization policies and marketoriented reforms. These include agricultural price reforms and the elimination of collective farm management. The latter was replaced with household and individual farming, also known as the household responsi- Data on land use and urbanization are extracted from Landsat Thematic Mapper (TM) images for each of the nine years, 1988 to 1996. The images vary in the month in which they were acquired, but they were all taken during the dry season, between October and March. The images are georeferenced to a Universal Transverse Mercator projection, with a registration error of less than 0.3. The images are resampled to 30-meter pixel resolution, and radiometrically corrected using a relative calibration technique (Song et al. 2001) .
We use a two-step process to extract annual rates of urban land use change. In the first step, we classify the 1988 and 1996 images using a Bayesian maximum likelihood classifier to generate a two-date map of land use change. class includes new urban areas that were used previously for fish aquaculture, rice, fruit orchards, or field crops, and describes the urbanization of land that previously generated an economic return. We distinguish between the conversion of agricultural and nonagricultural lands because we assume that the opportunity cost of converting agricultural land is greater than the opportunity cost of converting shrub, water, or forest. After identifying pixels that urbanized between 1988 and 1996, we identify the year in which the urban land use change occurred. This information is used to generate annual data on land use change. Two methods are tested to extract estimates of annual rates of land use change. The first technique is the aforementioned Bayesian maximum likelihood methodology used to develop the twodate 1988-1996 map (Seto et al. 2002) . The second method uses econometric techniques to identify the year in which land use changes occur in a time series of images 2 The Bayesian maximum likelihood classifier categorizes each pixel into a land use class based on the probability density function of each class. A discriminant function is generated from the mean and covariance statistics of the classes. A pixel is assigned to a class based on the probability of that pixel value occurring within the probability density function of that class. For a detailed description of the technique, please see Richards and Jia (1999).
(Kaufmann and Seto 2001).3
The results indicate that both methods generate accurate estimates of the date of land use change. Although the econometric technique provided slightly less statistically biased results than the maximum likelihood method, the latter was used in this study because it simpler to employ.
Other Data
County-level data for the socioeconomic variables that we hypothesize to correlate with urbanization are obtained from Guangdong Statistical Yearbooks (Statistical Bureau of Guangdong various years). These variables are selected based on field observations and interviews with local land users. They include: demographic data, investments in capital construction, agricultural and urban output, and wage rates in different sectors. Foreign direct investments (FDI) from overseas Chinese investors affect urbanization through three channels. First, foreign investments fund much of the construction of residential and commercial complexes. Some county officials (e.g., Shenzhen and Shunde) use land subsidies and tax incentives to direct a share of FDI to light industries. Other counties (e.g., Zhuhai, Panyu, and Dongguan) encourage the construction of large-scale housing projects, often aimed at the overseas Chinese retirement market. Regardless of the sectoral allocation of investment funds (construction of apartments or factories), or the scale of the project, overseas investments are an important source of the funds required to convert land to urban uses. Although data on FDI from overseas Chinese in Hong Kong, Macau, and Taiwan are available for some of the counties in the study, they are not available for all counties for all years. To proxy FDI, we use total completed investments in capital construction (CICC). CICC is not disaggregated into foreign and domestic components, but that most of it is from overseas investors is well-documented (Xu and Li 1990; Eng 1997).
Rates of land use change also are affected by rents associated with various uses. The land market in the Pearl River Delta is poorly developed, and consequently, there is relatively little information about rents. We proxy agricultural rents by dividing a county's value of gross agricultural output, which is available from (Statistical Bureau of Guangdong various years) by agricultural land, which is obtained from the analysis of the satellite imagery. Similarly, we proxy industrial rents by dividing a county's value of gross industrial output (Statistical Bureau of Guangdong various years), by urban land, which is obtained from the analysis of satellite imagery. Finally, we use urban and agricultural population and wages rates in the urban and agricultural sectors as measures of the social and economic structure.
IV. STATISTICAL TECHNIQUES TO MODEL THE DRIVERS OF URBAN LAND USE CHANGE Conceptual Framework
Studies that model land use change can be divided between two broad categories: spatially explicit and aspatial. Spatially explicit models come from the disciplines of geography and landscape ecology, and usually attempt to explain the location of changes in land use as a function of the behavior of individual land users (Mertens and Lambin 1997), or of various growth "rules," as in the case of simulation models (Clarke, Hoppen, and Gaydos 1997). The unit of observation in these studies often is the individual household, pixel, or smallest landscape grain. Aspatial models have been developed from the von Thiinen tradition, in which land use patterns are explained by bid-rent models that specify accessibility and distance to the markets as the major determinants of land use (Alonso 1964; von Thiinen 1966) . Both types of models assume that land users are rational decision-makers who choose land use from a suite of options.
3 The econometric method uses the two-date technique to first identify pixels that changed between the two end dates of the study period. Following the identification of these change pixels, the methodology is a three-step procedure that uses time series and panel econometric techniques. In the first step, regression equations are estimated for each of the land use classes. In the second step, the regression equations for each class are used to calculate values for land use change classes for each of the possible dates of land conversion. In the third step, the date of land use change is identified by using tests for predictive accuracy. [3]
There is no way to choose among equations [1-3] a priori. Instead, we use standard statistical procedures to choose the specification that is consistent with the data, the proper method to estimate the equation, and the way to evaluate results (Hsiao 1986 Note: Values refer to the number of combinations in which the out-of-sample forecast for the change from agriculture to urban land generated by the restricted model is less accurate than the out-of-sample forecast generated by the unrestricted model. Together, these results imply that the conversion of agricultural land to urban uses ultimately may be driven by some exogenous variable(s) that is not included in the model due to the lack of information.
As indicated by the results for equation [9], the annual rate at which forests, shrubs, and water bodies are converted to urban uses is correlated with investment in capital construction, the return to agricultural land relative to industrial uses, and labor productivity in agriculture relative to industry. Again, investment in capital construction tends to accelerate the rate at which natural ecosystems are converted to urban uses. Despite the similar signs, the interpretation of the relative land productivity variable is different from the agriculture --urban model (equation [10] ). For this model, we interpret relative land productivity as a proxy for the opportunity cost of land conversions. For counties where the productivity of agricultural land is high relative to urban uses, the opportunity cost associated with converting agricultural land is high relative to converting forest and water. This higher opportunity cost tends to favor the conversion of natural ecosystems, and hence, a positive relationship with natural land conversion. Relative labor productivity is defined as the ratio of agricultural labor productivity to industrial labor productivity. If agricultural labor productivity is high relative to industrial labor productivity, there is little incentive to convert natural ecosystems to industrial uses. Rather, higher relative agricultural labor productivity suggests that agricultural land produces greater returns than industrial land. Therefore, there is less incentive to urbanize natural areas. On the contrary, there may be more pressure to convert natural areas to agricultural land to take advantage of the relative high labor productivity.
The analysis of causal order among the variables in the natural --urban (equation [9] ) is somewhat conclusive (Table 6) The results from the models verify the difference between the dynamics of agricultural land conversion and conversion of natural vegetation and water. The relative labor productivity ratio serves as a good proxy for how wage differentials in the agricultural and industrial sectors affect land conversion. If Note: Values refer to the number of combinations in which the out-of-sample forecast for the change from natural vegetation to urban land generated by the restricted model is less accurate than the out-of-sample forecast generated by the unrestricted model. agricultural labor productivity is high relative to industrial labor productivity, farmers and villages will have less incentive to convert their land to urban uses directly or indirectly through leases. This is not surprising. If farmers and villages receive relatively high returns on agriculture relative to industry, there is little incentive to convert natural vegetation for industrial use. Rather, the difference in the return on labor would encourage the conversion of natural vegetation to agricultural areas. Only once industrial labor productivity exceeds that of agricultural land productivity would land users convert natural areas to industrial uses.
The difference in interpretation of the relative land productivity variable for the two models can be viewed as the effects of opportunity costs versus proximity. In the model of agricultural land conversion, the variable for relative land productivity should be interpreted as a measure of distance to urban activity. Generally, urban development occurs first in regions with the highest land productivity. This is a direct result of population movements. Usually, people inhabit areas with the highest land productivity and therefore land conversion is positively correlated with land productivity. Based on this effect, the ratio of land productivity is an indirect measure of proximity to urban areas.
The econometric results for equations [9] and [10] and the causal relations among these variables suggest several options for slowing urban encroachment of agricultural land, should policymakers make this a priority. First, policymakers can subsidize agricultural production. This would raise the returns to agricultural land, which could slow conversion. Currently farmers and village leaders lease or convert their land to urban uses because this option generates greater revenue streams. One cause for the relatively poor returns to agriculture may be that the household responsibility system divided land into plots based on family size. This fragmentation discourages the production of some high value crops (e.g., bananas and lychees) because they require larger tracts of land compared to lower value crops (e.g., sweet potatoes and rice). This effect may prompt families with smaller plots to forego agricultural production altogether, and lease their land to commercial interests. Land use planners in the Guangdong Province have cracked down on the leasing of agricultural land for these uses. However, they remain ineffective in controlling all transactions of this nature.
Second, the land market should be reformed. Currently, land exchanges occur in two markets. The first is a land use rights transfer that grants usufruct rights by auction. Applicants have usufruct rights for a fixed period after a bid is made on the open market. These lump-sum payments can reflect the market values of the potential land uses. In the second land transfer mechanism, land leases are obtained through private negotiations. These negotiations can allow the government to target industries and projects through land subsidies. Many of these subsidies in the early 1990s inflated the return on investment for projects that had inadequate funding, business expertise, or strategic planning. This in turn led to a number of half-completed development, largely residential, projects throughout the Delta. Although there are no official estimates of the fraction of development projects that are abandoned, field observations and interviews confirm that the numbers are likely to be high. When developers first offered to finance large projects, village leaders (largely composed of farmers) were quick to negotiate contracts to lease out their land. These lease agreements usually involved the payment of one lump sum, rather than a steady income stream of rents. Therefore, while farmers were able to compare current agricultural prices to lease rents, they did not consider future revenues from agricultural income stream.
Third, the feedback loop that includes income growth, consumer demand, and urban expansion indicates that higher incomes have fuelled a shift from agricultural to nonagricultural livelihoods. Similarly, township and village governments have been agents of urbanization within their levels of jurisdiction by facilitating development of town village enterprises in the region and by endorsing local efforts cluster privately owned firms through the development of industrial estates and technology corridors. The results indicate that large-scale urbanization in the Pearl River Delta has been caused largely by exogenous factors, such as international capital movements. The models suggest and field interviews verify that local land users do not have much influence over the siting of large development projects.
VII. CONCLUSION
In this paper, remotely sensed land use data are integrated with socioeconomic data to develop statistically meaningful models of urbanization. Important economic factors of agricultural land, natural vegetation, and water conversion are identified and quantified. The ratio of agricultural land productivity and industrial land productivity is one of the essential variables that cause the conversion of both natural ecosystems and agricultural land. Investments in capital construction per capita, a proxy for foreign direct investment, is also identified as a driver of both types of urban land use change. We also find that investments in capital construction are driven also by changes in agricultural land use. The ratio of agricultural to industrial labor productivity are correlated with conversion of natural areas. However, only agricultural labor productivity, not the ratio of agricultural to industrial labor productivity, is correlated with agricultural land conversion. Wages and income are not correlated with conversion of natural areas, but are correlated with conversion of agricultural areas. The results also indicate that the causality of these relations is neither clearly evident nor unidirectional.
